The nonmagnetic compounds showing extremely large magnetoresistance are attracting a great deal of research interests due to their potential applications in the field of spintronics. PtBi2 is one of such interesting compounds showing large linear magnetoresistance (MR) in its both the hexagonal and pyrite crystal structure. We use angle-resolved photoelectron spectroscopy (ARPES) and density functional theory (DFT) calculations to understand the mechanism of liner MR observed in the hexagonal PtBi2. Our results uncover for the first time linear dispersive surface Dirac states at theΓ-point, crossing Fermi level with node at a binding energy of ≈ 900 meV, in addition to the previously reported Dirac states at theM -point in the same compound. We further notice from our dichroic measurements that these surface states show an asymmetric spectral intensity when measured with left and right circularly polarized light, hinting at a substantial spin polarization of the bands. Following these observations, we suggest that the linear dispersive Dirac states at thē Γ andM -points are likely to play a crucial role for the linear field dependent magnetoresistance recorded in this compound. Bi [20] is explained based on the charge compensation [16] . However, the role of charge compensation for the XMR of these compounds is still not clear as some reports recently demonstrated quadratic field dependent MR without charge balance [21, 22] . Moreover, the theory based on the impurity scattering or crystal disorder is inevitably brought into the above two cases and as well to the subquadratic field dependent MR [23] [24] [25] . The other existing mechanisms include metal-insulator transition [26] [27] [28] [29] [30] and strong spin-orbit interactions [31, 32] . Thus, there is no clear consensus yet on the mechanism of magnetoresistance in the nonmagnetic solids.
The property of magnetoresistance in the nonmagnetic solids has majorly two types of behaviour under the external magnetic fields. While the linear field dependent magnetoresistance as observed in graphene [1] , topological insulators Bi 2 Te 3 and Bi 2 Se 3 [2, 3] , Ag 2+δ Te/Se [4, 5] , Dirac semimetals Cd 3 As 2 [6, 7] and Na 3 Bi [8] , and type-I Weyl semimetals NbAs(P) [9] [10] [11] and TaAs [12, 13] is explained based on the linear dispersive Dirac states present near the Fermi level [14, 15] , the quadratic field dependent MR as observed in the type-II Weyl semimetals WTe 2 and MoTe 2 [16, 17] , LaSb [18] , ZrSiS [19] , and Bi [20] is explained based on the charge compensation [16] . However, the role of charge compensation for the XMR of these compounds is still not clear as some reports recently demonstrated quadratic field dependent MR without charge balance [21, 22] . Moreover, the theory based on the impurity scattering or crystal disorder is inevitably brought into the above two cases and as well to the subquadratic field dependent MR [23] [24] [25] . The other existing mechanisms include metal-insulator transition [26] [27] [28] [29] [30] and strong spin-orbit interactions [31, 32] . Thus, there is no clear consensus yet on the mechanism of magnetoresistance in the nonmagnetic solids.
PtBi 2 is a very interesting compound as it shows MR in both the hexagonal [33] and pyrite structures [34] . Astonishingly, the pyrite PtBi 2 has been found to show the highest MR observed among the known nonmagnetic metals so far [4-7, 10, 16, 17] , which also has been predicted as a 3-dimensional Dirac semimetal [35] . Therefore, understating the mechanism of extremely large MR in this compound is essential due to its potential applications. While in the pyrite structure the extremely large MR is attributed to its semimetalic nature [34] , the large linear MR observed in the hexagonal phase is explained based on the crystal disorder theory [33, 36] . Here, we report on the electronic structure of hexagonal PtBi 2 using the ARPES technique and first-principles calculations. Our studies suggest that PtBi 2 has two different surface terminations as the experimental band structure looks different from different cleavages. Our ARPES measurements demonstrate linear dispersive surface Dirac states near the Fermi level with a node at ≈ 150 meV below the Fermi level (E F ) at theM -point with a 6-fold rotational symmetry in the ΓM K plane. Thus, there exists 6 Dirac cones of this type in a Brillouin zone. This observation is consistent with a previous ARPES report [36] on this compound. Interestingly, in addition to this, we have uncovered for the first time an another surface Dirac cone at the zone center with a node at ≈ 900 meV below E F . Much like in BiPd [37] , the Dirac states at the zone center in PtBi 2 show a gap opening as a function of photon energy, possibly due to a surface-bulk hybridization. Based on these studies, we suggest that the linear MR observed in the hexagonal PtBi 2 could have originated from the linear dispersive surface states in the quantum limit, like in the case of topological insulators [2, 3] where the large linear MR is observed only from the surface band structure.
High quality single crystals of hexagonal PtBi 2 were grown using floating zone technique [38] . The crystals have a platelet-like shape with shiny surface. The crystals were structurally characterized using powder X-ray diffraction to confirm the bulk purity and the hexagonal crystal structure with P 3 space group. ARPES mea- surements were carried out in BESSY II (Helmholtz Zentrum Berlin) synchrotron radiation facility at the UE112-PGM2b beam-line using the "1 3 -ARPES" [39, 40] end station equipped with SIENTA R4000 spectrometer. The total energy resolution was set between 5 and 15 meV, depending on the incident photon energy. The measurements were performed at T = 1 K. Another set of ARPES measurements were performed in the Diamond light source at I05 beamline equipped with SIENTA R4000 spectrometer. The sample temperature at Diamond was always below 10 K and the energy resolution was set between 10 and 20 meV depending on the incident photon energy.
Self-consistent band structure calculations were performed on the hexagonal crystal structure of PtBi 2 having the lattice constants a = b = 6.572Å and c = 6.166Å using the linear muffin-tin orbital (LMTO) method [41] in the atomic sphere approximation (ASA) as implemented in PY LMTO computer code [42] . The Perdew-Wang parameterization [43] was used to construct the exchange correlation potential in the local density approximation (LDA). Spin-orbit coupling was taken into account at the variational step.
The electronic structure of PtBi 2 is shown in Fig. 1 obtained by means of ARPES and DFT calculations. The ARPES data are measured using p-polarized light with a photon energy of 100 eV. The data are taken at a sample temperature of 1 K. We estimate that 100 eV photons detect the bands nearly from the k z =5.5 π/c plane using an inner potential of Pt of 25 eV [44] , i.e., from the ALH plane. Fig. 1(a) shows the hexagonal crystal structure of PtBi 2 projected onto the ab-plane. Fig. 1(b) shows 3D view of the Brillouin zone in which various high symmetry points are located. In Fig. 1(c) we schematically show the measuring geometry where the s-and p-plane polarized lights are defined with respect to the analyzer entrance slit (ES) and the scattering plane (SP). Fig. 1(d) shows the experimental Fermi surface (FS) map in the k x − k y plane extracted by integrating over an energy window of 20 meV centered at E F . Fig. 1(f) shows the FS map derived from DFT calculations. Fermi surface obtained in our studies [see Fig. 1 (d) and (e)] is inline with the hexagonal crystal structure of PtBi 2 [see Fig. 1(a) ]. Fermi surface obtained in our studies is inline with the hexagonal crystal structure of PtBi 2 [see Fig. 1(a) ]. Energy distribution map (EDMs) along the A-L high symmetry lines is shown in Fig. 1 (h) . In Fig. 1 (h) , the red-dashed lines represent linearly dis-
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Energy, E-E F (eV) persive Dirac surface states with a node at ≈ 900 meV. Calculated band dispersions along the A-L high symmetry lines are shown in Fig. 1 (i) . Note here that the Fermi level of the calculated band structure is shifted about 200 meV towards the lower-binding energy to match with the experiment. A similar observation was also made in the previous ARPES report of this compound [36] .
Next, we show photon energy dependent ARPES measurements performed to understand the k z dependent band structure of this compound. Fig. 2(a) shows the k z Fermi surface map measured using p-polarized light in the ΓM LA plane. Fig. 2(b) shows the EDM taken along the Γ-A high symmetry line at k x , k y =0. Energy distribution curves (EDCs) as a function of incident photon energy are shown in Fig. 2(c) . Band dispersions in the Γ-A symmetry line derived from the DFT calculations are shown in Fig. 2 Fig. 2(i) , we show EDM taken from a different cleavage (say Surface B) surface using p-polarized light with a photon energy of 80 eV, while the rest of the data are measured from another cleavage (say Surface A). Fig. 2(n) depicts the second derivative of Fig. 2(i) . In the figures, the red-and blue-dashed lines represent the surface states (SS), while the pink-dashed lines represent the bulk states (BS).
(d). Figs. 2(e)-(h) depict EDMs measured using various photon energies. Figs. 2(j)-(m) depict second derivatives of Figs. 2(e)-(h). In
In the k z map shown in Fig. 2(a) , we can clearly notice that the two Fermi sheets shown by the red down-arrows have negligible k z warping. In principle, surface states show k z independent band structure. On the other hand, our bulk band structure calculations suggest a strong k z warping of the Fermi sheets in the ΓM LA plane (not shown) . Therefore, from these observations we suggest that these Fermi sheets are from the surface contribution. This is further confirmed from the EDM taken along the Γ-A direction [see Fig. 2(b) ] where one can notice a flat dispersion for the Dirac point (DP) at ≈ 900 meV of the binding energy and no such band is found from a similar EDM derived from the calculations [see Fig. 2(d) ]. Interestingly, from the energy distribution curves (EDCs) extracted as a function of photon energy we noticed that the Dirac states at the zone center are gapped when measured with the photon energy hν < 55 eV. This is further demonstrated from the photon energy dependent EDMs shown in Figs. 2(e)-(h) and from the corresponding second derivatives shown in Figs. 2(j)-(m) . The estimated maximum energy gap is of 145 meV when measured with 16 eV of photon energy [see Fig. 2(j) ]. A similar observation was made earlier in the case of noncentrosymmetric BiPd [37] . There, it was suggested that the gap opening is due to the hybridization between the surface and the bulk states located in the same binding energy range. In
Energy, E-E F (eV) the present case as well it could be the similar scenario as the bulk bands disperse in the k z direction over a window of 1 eV of binding energy. As can be seen in Fig. 2(d) , the binding energy of the band at Γ is of 0.65 eV whereas at A the binding energy of the same band is of 1.5 eV. Therefore, as the surface states show a finite penetration depth into the solid [45, 46] , it is highly likely to have a surface-bulk hybridization which may lead to the gap opening at the Dirac point. On Fig. 2(m) , we have shown schematically another set of Dirac surface states by the blue-dashed lines located at theM -point having a Dirac point at ≈ 150 meV with a 6-fold rotational symmetry. Thus, there are in total 6 Dirac cones of this type in a BZ. This observation is in good agreement with previous ARPES report on this compound [36] . The electronic structure of PtBi 2 seems to be cleavage dependent. As can be seen in Figs. 2(i) and (n), the EDM taken from the cleavage surface B shows no signatures of the Dirac-like surface states when compared to the data taken on the cleavage surface A. Moreover, the band structure highlighted by pink-dashed lines shown in Figs. 2(i) and (n) look much alike the bulk band structure derived from the DFT calculations [see Fig. 1(i) ].
Next we show the circular dichroic ARPES measurements. Energy distribution map (I − ) shown in Fig. 3 (a) is measured using a left-circular polarized light with a photon energy of 17 eV. Similarly, EDM (I + ) shown in Fig. 3(b) is measured using a right-circular polarized light. Fig. 3(c) is the resultant spectra after the subtraction (I − -I + ). Figs. 3(d) -(i) are analogous data to Figs. 3(a)-(c) but measured with photon energies of 40 and 100 eV. Generally, in spin-orbit coupled systems the helicity of light can couple to the electron spin degree of freedom through the total angular momentum. Therefore, the helicity dependent spectral intensity can provide indirectly information on the spin polarization of the detected sates [47] [48] [49] . However, it is also argued that such measurements suffer greatly from the final state effects and thus, reversing the dichroic signal among the photon energies [50] . Nevertheless, as can be seen from the intensity difference spectra [Figs. 3(c), (f) and (i)] taken from a wide range of photon energies (17, 40 and 100 eV), the dichroic signal is consistent at the zone center switching the spectral intensity of the Dirac cone as k → −k. Interestingly, dichroic signal is noticed also for the Dirac states at theM -point, but with opposite sign.
Previous transport [33] and ARPES studies [36] on this compound suggested crystal disorder for the observed linear magnetoresistance. On the other hand, our present studies clearly show two sets of linear dispersive Dirac states crossing the Fermi level with nodes located at around 150 meV and 900 meV below E F . Therefore, based on these observations we suggest that the linear MR observed in this compound could be originated from the linear dispersive surface states. This is argument is inline with the theory based on the Landau levels of the linear dispersive states in the presence of external magnetic field [14, 15] , where it was suggested that the linear dispersive states without a gap near the Fermi level play a crucial role. In addition, following our circular dichroic measurements we further suggest that the surface states are substantially spin polarized. Therefore, spin polarization of the bands also may play a vital role for the magnetoresistance [31] of this compound.
In conclusion, we studied the low-energy band structure of the hexagonal PtBi 2 by means of ARPES technique and DFT calculations. Our studies uncover for the first time linearly dispersive Dirac states nearΓ-point, crossing the Fermi level with a node at ≈ 900 meV below E F . In addition, another surface Dirac cone is found at theM -point-point with a node at ≈ 150 meV below E F . We further notice from the circular dichroic measurements that these surface states show a significant dichroic signal switching as k → −k. Following these studies, we suggest that the linear dispersive spin polarized Dirac states found at both theΓ-point andM -point points could be a possible origin for the large linear MR observed in this compound rather than the crystal disor-der that was suggested earlier for the same. 
